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A B S T R A C T
Air cathodes, where oxygen reacts with Li ions and electrons with discharge oxide stored in their pore
structure, are often considered as the most challenging component in nonaqueous Lithium-air batteries.
In non-aqueous electrolytes, discharge oxides are usually insoluble and hence precipitate at local
reaction site, raising the oxygen transport resistance in the pore network. Due to their low electric
conductivity, their presence causes electrode passivation. This study aims to investigate the air cathode’s
performance through analytically obtaining oxygen proﬁles, modeling electrode passivation, evaluating
the transport polarization raised by discharge oxide precipitate, and developing analytical formulas for
insoluble Li oxides storage capacity. The variations of cathode quantities, including oxygen content and
temperature, are evaluated and related to a single dimensionless parameter — the Damköhler Number
(Da). An approximate model is developed to predict discharge voltage loss, along with validation against
two sets of experimental data. Air cathode properties, including tortuosity, surface coverage factor and
the Da number, and their effects on the cathode’s capacity of storing Li oxides are formulated and
discussed.
ã 2015 Elsevier Ltd. All rights reserved.
Contents lists available at ScienceDirect
Electrochimica Acta
journal homepa ge: www.elsev ier .com/locate /e lectacta1. Introduction
Li-air batteries hold a great promise for high speciﬁc energy
storage. Bruce et al. [1] reported a theoretical value of 3,505 Wh
kg1 using non-aqueous electrolytes, which is much closer to those
of direct methanol fuel cells (DMFC) (5,524 Wh kg1) and gasoline
engine (11,860 Wh kg1) than conventional Li-ion batteries. Fig. 1
shows the schematic of a Li-air battery and its discharge operation.
During discharge, lithium is oxidized in the anode to produce
lithium ions and electrons: electrons are conducted via an external
circuit to produce electric work, while lithium ions are transported
across electrolyte to react with oxygen and electrons in the
cathode. During charging, lithium metal is plated out in the anode,
and O2 is released in the cathode.
Air cathodes are often considered as the most challenging
component in nonaqueous Lithium-air batteries. In cathodes,
oxygen is reduced to produce Li composites during discharge, e.g.
lithium oxides:* Corresponding author. Tel.:+ 949-824-6004; fax: +949-824-8585.
E-mail address: yunw@uci.edu (Y. Wang).
http://dx.doi.org/10.1016/j.electacta.2015.08.121
0013-4686/ã 2015 Elsevier Ltd. All rights reserved.Liþe þ O2þ ! LiO2
Liþe þ LiO2 ! Li2O2 ð1Þ
where “*” denotes a surface site on the reaction surface or oxides in
which the growth proceeds. Air cathode contributes a major
voltage loss because of the sluggish reaction kinetics and oxygen
transport. In addition, oxide products are usually insoluble in non-
aqueous electrolytes, causing pore-network clogging. Li oxide
composites are low in electric conductivity, thus their presence on
the reaction surface resists electron’s access to reaction sites,
causing electrode passivation. As discharging proceeds, oxide
precipitate accumulates in the pore networks and on the reaction
surface, increasing both oxygen and electron transport resistances,
and consequently voltage loss.
The ﬁrst non-aqueous rechargeable Li-air batteries were
reported by Abraham and Jiang in 1996 [2]. Since then, the
technology has received a fast growing interest of research to
explore electrochemical reaction mechanisms, electrode struc-
tures, and electrolyte and catalyst materials [3–9]. Mirzaeian and
Hall studied the impacts of porosity, pore structure, morphology of
carbon and surface area of carbon in air cathodes on the battery’s
speciﬁc capacity [10]. Pore structure was adjusted by controlling
the molar ratio of resorcinol to catalyst and the pyrolysis and
activation temperatures. They found that the battery performance
Nomenclature
a factor of effective catalyst area per unit volume when
oxide precipitate is present
ao factor of catalyst surface area factor per unit volume
C molar concentration of species k, mol/m3
D species diffusivity, m2/s
Da the Damköhler Number
F Faraday’s constant, 96,487C/mol
I current density, A/cm2
i superﬁcial current density, A/cm2
j transfer current density, A/cm3
M molecular weight, kg/mol
R universal gas constant, 8.134 J/mol K; Ohmic resistance,
mV cm2
s volume fraction of Li oxide in pores
smax maximum volume fraction of Li oxide in pores
t time, s
T temperature, K
Greek
b transfer coefﬁcient
r density, kg/m3
f phase potential, V
k ionic conductivity, S/m
e porosity or volume fraction
h surface overpotential, V
ta coverage coefﬁcient by oxide deposit
td tortuosity of air cathode
d thickness, m
Superscripts and Subscripts
a surface coverage
c cathode
d diffusion
e electrolyte
eff effective value
o reference value; initial value
max maximum
Fig. 1. Schematic of a Li-air battery and its discharge operation with Li2O2 as an exampl
electrode; and d denotes the cathode electrode thickness.
Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393 383changes with the morphology of carbon, the pore volume, pore
size, and surface area of carbon. Yang et al. used mesocellular
carbon foam as the cathode [11]. They fabricated carbon samples
containing bimodal mesopores with a narrow pore size distribu-
tion through nanocasting technique; and showed the samples
yielded about 40% capacity increase compared with commercial
carbon black. Mitchell et al. used hollow carbon ﬁbers of 30 nm
diameters grown on ceramic porous substrate in air cathodes [12],
and achieved a high speciﬁc capacity under low carbon loading.
They also indicated Li oxides grew as nodules on the ﬁbers and
developed into toroids during discharge. Grifﬁth et al. [13]
observed Li oxides form typical ‘toroidal’ particles under low
discharge rates, and take needle-like shapes under the high rates,
instead of the nano-sheets or compact ﬁlms. They indicated Li2O2
grows by a locally mass-transfer-limited nucleation and growth
mechanism. Xiao et al. [14] investigated the effects of carbon
microstructure and loading on battery performance. They found
that the cathode capacity increased with the carbon source's
mesopore volume, and that the pore size’s uniformity played an
important role in battery performance. Zhang et al. [15] employed
galvanostatic discharge, polarization, and AC-impedance techni-
ques to study Li-air battery, showing that the discharge perfor-
mance is determined mainly by air cathode, instead of Li anode.
Viswanathan et al. [16] employed a reversible redox couple to
investigate the deposit ﬁlm resistance and adopted a metal-
insulator-metal charge transport model to predict the electrical
conductivity of a Li2O2 ﬁlm. They showed “sudden death” in the
charge transport when the ﬁlm thickness is approximately 5 nm to
10 nm.<
In modeling and analysis, Franc and Xue [17] discussed the
carbon-based electrode models from the atomistic to continuum
approaches, and brieﬂy introduced a new theory to study the
impact of the electrode’s carbon structure on battery’s cyclability.
Andrei et al. [18] discussed several approaches to improve the
battery’s energy density. They concluded that it is more efﬁcient to
use non-uniform catalyst, which enhances the reaction at the
separator–cathode interface, than to use uniform catalyst. They
also discussed energy density improvement through solvents with
high oxygen solubility/diffusivity and partly wetted electrodes.
Albertus et al. proposed a physics-based model accounting for
oxide precipitates [19]. They developed a ﬁlm growth model over a
spherical carbon particle; and proposed an electric resistance
formula for the oxide ﬁlm. Following the Li-ion battery approach, ae of discharge product. y starts at the interface between the separator and cathode
384 Y. Wang et al. / Electrochimica Acta 180 (2015) 382–3931-D Li-air battery model was developed and validated with
experimental data. Sandhu et al. [20] developed a diffusion-limited
model assuming a cylindrical pore morphology, and presented the
transient concentration proﬁles of the dissolved oxygen in the
electrolyte using numerical iterative methods. Battery capacities
were predicted and compared with literature experimental results.
Nanda et al. [21] reported a three-dimensional spatial distribution
of lithium products using neutron tomographic imaging. They
observed a higher concentration of lithium oxides near the edge of
electrode; and a relatively uniform distribution in the center area.
Similar phenomena were also reported by Wang and Cho [22], who
developed a multi-dimensional model based on the conservation
law of Li+, oxygen, and charges, in conjunction of the electrochem-
ical reaction kinetics. They showed non-uniform distribution in the
reaction rate is more remarkable under higher current and
explained the sluggish oxygen transport is the primary cause.
They also analyzed the oxygen content variation in the supply
channel, indicating it is determined by a dimensionless number
and thin channels is desirable to achieve high energy density
without sacriﬁcing oxygen supply. Wang [23] pointed out that
lithium oxide precipitation is similar to water freezing in PEM fuel
cells under sub-freezing condition, and explained the similarity
between ice formation within PEM fuel cells [24,25] and oxide
precipitate in Li-air batteries. A coverage model was developed to
account for oxide precipitate’s effects, and validated against the
experimental data for planar electrodes. Wang and Cho [26]
further extended the fuel cell knowledge [27] to Li-air battery by
developing the formula of the voltage losses due to electrode
passivation and oxygen transport resistance, respectively, raised by
oxide precipitate. Their analysis indicated that the electrodeTable 1
Ionic conductivity for various electrolytes [26]
Electrolyte Ionic conductivity 
PVA
(Poly Vinyl Alcohol)
108 104 S/cm 
PC / g-BL
(propylenecarbonate / g-butyrolactone)
1.7  103 S/cm 
DMF / g-BL
(dimethylformamide / g-butyrolactone)
2.8  103 S/cm 
PVA(15)–PMMA(10)–LiBF4(8)– EC(67) 9.0377  103 S/cm
PVA(15)–PMMA(10)–LiBF4(8)– PC(67) 2.4855 103 S/cm
PVA(15)–PMMA(10)–LiBF4(8)– DEC(67) 0.2022 103 S/cm
PVA(15)–PMMA(10)–LiBF4(8)– GBL(67) 1.1523  103 S/cm
PVdF- HFP 2103 S/cm 
PVC / PMMA 1.4 103 S/cm 
PAN(21)–PEO(2)– LiCF3SO3 (8)–PC(27.7)–EC(41.3) 1.713 103 S/cm 
PAN(21)–PEO(5)– LiCF3SO3 (8)–PC(24.7)–EC(41.3) 8.492 103 S/cm
PAN(21)–PEO(10)– LiCF3SO3 (8)–PC(27.7)–EC(33.3) 80.950  103 S/cm
PAN(21)–PEO(15)– LiCF3SO3 (8)–PC(24.7)–EC(31.3) 23.880  103 S/cm
EC(38) –PC(33) –PAN(21) –LiClO4(8) 3.5 103 S/cm 
EC(42) –PC(36) –PAN(15) –LiCF3SO3(7) 2.2  103 S/cm
EC(62) –PC(13) –PAN(16) –PEGDA(1) –LiClO4(8) 3.0  103 S/cm
EC(68) –PC(15) –PEGDA(3) –LiClO4(14) 8.0  103 S/cm
EC(35) –PC(31) –PVP(24) – LiCF3SO3 (10) 1.0  103 S/cm
EC–LiClO4 108 107S/cm 
106S/cm 
105 104 S/cm 
PEO(22.7) –PAN(17.4) –PrC(7.3) –EC(8.5) –LiClO4(4.3) 0.37  103 S/cm 
PEO(22.7) –PrC(13.3) –LiClO4(1.2) 0.84 103 S/cm 
PAN(23.2) –PrC(24.5) –EC(28.4) –LiClO4(3.0) 1.34 103 S/cm 
PC-DME 103 S/cm 
12 103 S/cm 
14  03 S/cm 
EC-DMC 8  103 S/cm 
10  103 S/cm 
11.7  103 S/cm 
< 103 S/cm 
DME 5.52 103 S/cm 
7.43  103 S/cm 
5.52 1 103 S/cm passivation contributes the major voltage loss at the beginning of
discharge, while the oxygen resistance can be signiﬁcant near the
“sudden death”.
Though a great deal of effort was made in Li-air battery
development, most were focused on the aspects of material
development and electrochemistry exploration. Theoretical anal-
ysis is largely lacked at current stage, particularly those that can be
directly applied for battery design and optimization, specially
those analytical formulas that directly relate battery performance
or Li oxide storage capacity to material properties and operating
condition. In this paper, we investigate the air cathode perfor-
mance through deﬁning a single dimensionless parameter to
evaluate the spatial variation of important cathode quantities,
analytically obtaining oxygen proﬁles, modeling battery perfor-
mance by accounting for both electrode passivation and oxygen
transport polarization, and formulating the capacity of Li oxides
storage. Oxygen proﬁles are obtained under various conditions,
along with the oxygen transport polarization. For the ﬁrst time,
formulas are derived to relate several important parameters,
including tortuosity, surface coverage, and Da, to the capacity of
storing Li oxide deposit in air cathodes.
2. The Damköhler Number
During operation, the energy conversion inefﬁciency gives rise
to thermal energy release and consequent temperature gradient. A
large temperature variation will have profound effects on Li-air
battery operation as temperature determines the capability of
overcoming the activation barrier of a reaction. The principle
mechanisms for waste heat generation include the reversible andRemarks Reference
PVA complexed with lithium triﬂate system [33]
60P(ECH-EO):15PC:10g-BL:15LiClO4 @ 363K [34]
60P(ECH-EO):15DMF:10g-BL:15LiClO4 @ 363K
 @373K [35]
[36]
@ room temperature [37]
@373K [38]
@323K [39]
[EC]/[LiClO4] = 0.5 @ 298K [40]
[EC]/[LiClO4] = 1.0 @ 298K
[EC]/[LiClO4] = 2.0 @ 298K
HSPE @ 303K [41]
PEO + PrC @ 303K
PAN + PrC + EC @ 303K
(1:1 by wt.) plasticized P(LiOEGnB) n=3, 5, 9 [42]
(1:1 by vol.) 1 M LiClO4 @ 293K [43]
(1:1 by vol.) 1 M LiPF6 @ 293K
(1:1 by vol.) 1 M LiClO4 @ 293K
(1:1 by vol.) 1 M LiPF6 @ 293K
(1:1 by mol) 1 M LiPF6@ 303K [44]
(1:2 by wt.) plasticized P(LiOEGnB) n=3 [45]
1 mol LiF + 1 mol (C6F5)3B in DME [46]
1 mol CF3CO2Li + 1 mol (C6F5)3B in DME
1 mol C2F5CO2Li + 1 mol (C6F5)3B in DME
Table 2
Oxygen diffusivity in nonaqueous electrolytes [22].
Oxygen diffusivity Electrolyte Reference
7.0  106 cm2/s 1 M LiPF6 in PC:DME (1:1) [47]
4.0–4.5 105 cm2/s CCl4 [48]
5.1 – 5.5 105 cm2/s CS2 [49]
2.9 – 3.4 105 cm2/s C2H4CL2 [48]
1.3 – 1.7  105 cm2/s CH2CL2 [48]
9.75 106 cm2/s 0.1 M TBAPF6 in DMSO [28]
2.45 105 cm2/s 0.1 M TBAPF6 in MeCN [28]
1.67  105 cm2/s 0.1 M LiPF6 in DMSO [28]
4.64 106 cm2/s 0.1 M LiPF6 in MeCN [28]
1.22 105 cm2/s 0.1 M LiPF6 in DME [28]
3.88  106 cm2/s 0.1 M TBAPF6 in DME [28]
2.17  106 cm2/s 0.1 M LiPF6 in TEGDME [28]
4 105 cm2/s 1 M Li+ in DME [9]
9  106 cm2/s 1 M Li+ in PC:DME(1:2) [9]
2.2 106 cm2/s 1 M L:i+ in PC [9]
2.2 105 cm2/s 0.1 M TBAClO4 [4]
2.1 105 cm2/s 0.1 M TBAPF6 [4]
4.87  105 cm2/s 0.9 M TEABF4 [49]
2.07  105 cm2/s 0.1 M TEAP [50]
Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393 385irreversible heats of the electrochemical reactions, and ohmic heat.
The reversible and irreversible sources are released at the reaction
interface during energy conversion, whereas the ohmic heating
arises from the resistance to the electric current ﬂow and ion
movement. The upper bound of temperature variation can be
evaluated by [27]:
DT ¼ IðE
0  VcellÞd
2kef f
ð2Þ
where E0 is deﬁned as Dh2F and represents the EMF (electromotive
force) that all the energy from the Li-oxygen reaction, the ‘caloriﬁc
value’, heating value, or enthalpy of formation, were transformed
into electrical energy. kef fof 1.0 W/m K, 2.5 V, and 1 mA/cm2 will
yield DTapproximately 0.01 C. Under 0.1 A/cm2 or higher, DTwill
be approximately 1 C or higher.
In discharging, Li+, oxygen, and electrons are consumed in the
cathode. The primary driving forces for the reactant supply are the
gradients of their concentrations (for Li+ and oxygen) and electric
phase potentials (for ions and electrons). Assuming diffusion and
migration dominate Li+ transport, and diffusion is the major
driving force for oxygen transport, their spatial variations can be
evaluated by:
DCe
Ce;0
¼ ð1  t
0
þÞI
2F
d
Ce;0D
ef f
Ce
and
DCO2
CO2;d
¼ I
8F
d
CO2;dD
ef f
O2
ð3Þ
where Ce;0 and CO2;d are the concentrations of Li
+ and oxygen at
y=0 and y=d (see Fig. 1), respectively, and the transference number
of Li+,t0þ, represents the fraction of the current carried by species
Li+. The values of t0þ for a few electrolytes are summarized in Ref.
[22]. The effective coefﬁcients of material properties can be
evaluated through the Bruggeman correlation:
Def fCe ¼ etdD0Ce and Def fO2 ¼ etdD0O2 ð4Þ
The electrolyte phase potential variation can be evaluated by
Ohm’s law:
DFðeÞ ¼ Id
2kef f
ð5Þ
The variation is approximately 0.001 V under kef f of 1 S/m, 1 mA/
cm2 and d of 0.1 mm. It can be considerable using Low-conductivity
electrolyte. Table 1 lists the ionic conductivity for a number of
typical electrolytes.
A Damköhler (Da) number can be deﬁned based on oxygen
diffusivity as below [27]:
Da ¼ I
8F
d
CO2;d D
ef f
O2
¼ Reaction rate
Mass transport rate
ð6Þ
With the deﬁnition of the Da number, one can rewrite the above
formula of variations as below:
DCO2
CO2;d
¼ DF
ðeÞ
4F CO2;d
DO2
k
¼ Da;DCe
Ce;0
¼ 4ð1  t0þÞ
CO2;d DO2
Ce;0DCe
Da;
and DT ¼ 4FðE0  VcellÞ
Def fO2
kef f
CO2;d Da ð7Þ
Da is approximately 0.04 for 0.1 mA/cm2 or 1 A/m2, d of 0.1 mm, eof
0.75, td of 1.5, DO2 of 10
9 m2/s and CO2;d of 5 mol/m
3 (5 mM). This
Da will yield an oxygen concentration variation of 4%. For other
quantities such as T and FðeÞ, their variations are also small under
Da of 0.04 and common conditions, such as kef fof 1 W/m K and
kof 0.001 S/cm.In air cathodes, the actual electrochemical reaction kinetics and
paths of the oxygen reduction reaction (ORR) are complex,
involving a number of reaction steps and intermediates. For the
ORR in dimethyl sulfoxide (DMSO)/LiPF6 Electrolytes, the following
steps were suggested [28]:
step1 : O2 þ Liþe ¼ LiO2
step2 : 2LiO2 ¼ Li2O2 þ O2 ¼ chemicalð Þ
step3 : LiO2 þ Liþ þ e ¼ Li2O
step4 : Li2O2 þ 2Liþ þ 2e ¼ 2Li2O
ð8Þ
For the sake of simpliﬁcation, a one-step reaction is assumed
with the discharge reaction rate approximated by the Tafel
equation:
jc ¼ aic ¼ airef0;cC1bO2 C
1b
e exp 
1  b
RT
Fh
 
ð9Þ
where a represents the surface-to-volume ratio, determined by the
electrode roughness. The surface overpotential h is determined by
the local phase potentials and equilibrium potential Uo:
h ¼ FðsÞ  FðeÞ  Uo ð10Þ
The above considers no precipitates deposited at the reaction
surface. For a sufﬁciently small Da, the spatial variations of
temperature, phase potentials, oxygen concentration, and Ce are
negligibly small, thus the exchange current density jc can be
treated uniform across the entire thickness of the air cathode.
3. Oxygen Transport
In air cathodes, liquid electrolyte occupies the pore network.
Oxygen is dissolved in the electrolyte at the electrolyte-gas
interface, and then transported to the reaction surface for
consumption during discharge. The 1-D transport equation is
written as follow [27]:
@ eCO2
@ t
þ @u CO2
@x
¼ @
@x
Def fO2
@ CO2
@x
 
þ jc
4F
ð11Þ
In common operation, the mass consumption by the electrochem-
ical reactions is negligibly small for promoting any considerable
mass ﬂow. Thus, the convection term can be neglected. Time
constant analysis [26] indicated that the transient term can be
Fig. 3. Oxygen proﬁle in an air cathode under b=0.5 and two levels of the Li oxide
volume fraction.
386 Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393neglected, comparing with the single discharge timescale. One will
then reach the below equation:
d
dy
Def fO2
d CO2
dy
 
¼ k CO2 1b
where k ¼ ai
ref
0;cC
1b
e
4F
exp 1  b
RT
Fh
 
ð12Þ
The boundary conditions are written as:
d CO2ð0Þ
dy
¼ 0 and CO2ðdÞ ¼ CO2;d ð13Þ
Oxygen diffusivity in liquid electrolytes can be evaluated using a
hydrodynamic model, which assumes that the resistance of solute
molecule movement arises from the viscous force, similar to the
particle movement in viscous ﬂuids. In a dilute liquid, the
hydrodynamic approach results in the famous Stokes–Einstein
equation:
DO2 ¼
kBT
6prm
ð14Þ
where kB is the Boltzmann’s constant, r the oxygen molecular
radius, andm the electrolyte viscosity. Using the Stokes-Einstein
equation, the oxygen diffusivity ranges from 1011 to 108 m2/s.
Table 2 summarizes oxygen diffusivity in a few electrolytes.
For general cases, the above problem of oxygen transport is
written in the dimensionless form as:
d
dy
dCO2
dy
 
¼ 2Da  CO21b ð15Þ
where a more general Damköhler (Da) number is deﬁned as
Da ¼ kd
2
2Def fO2CO2;0
b
¼ Reaction rate
Mass transport rate
Boundary conditions:
d CO2ð0Þ
dy ¼ 0 and CO2ð1Þ ¼ 1
For b=0 and 1, one can solve directly the problem:
For b ¼ 1
: CO2 ¼ 1  Dað1  y2ÞFor b ¼ 0 : CO2 ¼
coshð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Da
p
yÞ
coshð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Da
p
Þ ð16ÞFig. 2. Oxygen proﬁles in an air cathode under different Da and b.For the case ofb=0.5, which was adopted by a few studies [19,23],
the problem is nonlinear and can be solved through numerical
iterative methods. In addition, using perturbation analysis, one can
deﬁne a small parameter e=Da, and write the solution in the form
of a formal power series or perturbation series ðas CO2 ¼
X1
n¼0
anenÞ;
and solve a0 and a1 for an approximate solution with an accuracy of
O(e2) or O(Da2). The perturbation solution is found to be the same
as the exact solution to b=1, as shown in Eq. (16).
Fig. 2 plots the oxygen proﬁles in an air cathode, showing that
under the Da of 0.04, oxygen variation is small <5%; and the oxygen
proﬁles are almost identical for the three selections of b value.
There is appreciable discrepancy among the three under the Da
number of 0.2, but less than 3%.
Local oxygen consumption and discharge product generation
are determined by the local electrochemical reaction, which in
turn depends on local oxygen content and discharge product
volume fraction. Li oxides precipitate in the pore network and
narrow down the passage, reducing the effective oxygen diffusivi-
ty. Assuming the ﬁlm is ﬁrmly packed without any pore structure,
the effective diffusivity can be modiﬁed following the Bruggeman
correlation:
Def fO2 ¼ etdD0O2 ¼ e0  eprod
 tdD0O2 ¼ etd0 1  sð ÞtdD0O2 ð17Þ
where td represents the diffusion path’s tortuosity, e0 the initial
porosity of an air cathode in absence of oxide precipitate, and eprod
the volume fraction of oxide precipitate inside pores.
Analytically solving this electrochemically coupled transport
problem is challenging, particularly when the effects of oxide
precipitate on oxygen diffusivity and consumption are taken into
account. One method is to evaluate the associated voltage loss by
assuming the cathode consists of a number of independent
reactors operated under constant current, as done in in PEM fuel
cells [27,29]. As the reaction is uniform, the local reaction rate
jc ¼  Id; and the oxygen concentration is analytically obtained as
below:
CO2ðyÞ ¼ 1  Da
1  y2
etdtd;00 1 
eprod
e0
 td ¼ 1  Da 1  y
2
etdtd;00 1  sð Þtd
ð18Þ
Fig. 4. Typical growth modes of the oxide precipitate ﬁlm in air cathodes: a.) the inward cylindrical-ﬁlm growth mode; b.) the outward spherical-ﬁlm growth mode; c.) the
planar-ﬁlm growth mode; d.) the outward cylindrical-ﬁlm mode; e.) the inward spherical-ﬁlm mode; f.) the SEM image of precipitate on highly ordered pyrolytic graphite
(HOPG) at 10 mA/cm2 for 1 M LiTriﬂate in DOL:DME (1:1 w/w) [22].
Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393 387Fig. 3 plots the oxygen proﬁles under various Da and oxide
precipitate’s volume fractions. The oxygen spatial variation is
larger when oxide precipitate is present, as a result of the increased
oxygen transport resistance. For Da of 0.2 and s of 0.4, the localTable 3
Physical, electrochemical, and model parameters.
Description 
Temperature
Transfer coefﬁcient b 
Faraday constant 
Electrical conductivity of cathode electrode 
O2 diffusivity in electrolyte 
Equilibrium oxygen concentration (case 1/case 2) 
Cathode thermal conductivity 
Tortuosityt 
Electrode porosity, e0
Electrode thickness, d
Density of discharge product (Li2O2/ Li2CO3) 
Molecular weight of discharge product (Li2O2/Li2CO3) 
A0
I0
B1 in Eq. (22) [23] 
B2 in Eq. (22) (case 1 and case 3 [23]/case 2 [26]) 
s0 in Eq. (22) [26] oxygen content varies by >40%. For Da of 0.04 and s of 0.4, the
variation is still small within 10%. For Da of 0.01, the precipitate’s
effect is about 1%.Unit Value

C 25
0.5
C/mol 96,487
S/m 10
m2/s 9  1010
mol/ m3 2.30/4.33
W/m K 1.0
1.8
0.75
mm 0.5/0.75
kg/ m3 2227/2310
kg/mol 0.04044/0.04588
V m2 8.5 107
A m2 0.5
2.5
8/12
0.2
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During discharging, insoluble Li oxides are produced and
deposited at local reaction sites. It is likely the initial precipitate
nucleates heterogeneously at preferred sites, followed by thin ﬁlm
formation over the surface. Film formation was experimentally
observed over ﬂat electrodes, see Fig. 4 (f). The deposit ﬁlm has low
electric conductivity, resisting electrons to react with Li+ and
oxygen. Fig. 4 sketches a few typical modes of ﬁlm growth. A
porous electrode consists of reaction surfaces of various morphol-
ogies. Thus, the ﬁlm growth is complex. The below power law is
frequently adopted to describe the reaction surface reduction
arising from precipitate [29]:
a ¼ a0ð1 
eprod
e0
Þta ð19Þ
where tais the surface coverage coefﬁcient; and the volume of
precipitate eprod is calculated through the reaction rate:
eprod ¼
Z t
0
 jcMprod
nFrprod
dt ¼ eprod;0 þ
IMprod
ndFrprod
t ð20Þ
in which n denotes the moles of electrons transferred per mole of
the oxide. Note that the above equation also describes discharge
deposit consisting of different Li compounds by using an average n
and average density rprod. Our model validation, to be presented in
the next section, accounts for both Li2O2 and Li2CO3 as discharge
products. Similar approach was also adopted in Ref. [19].
The above coverage model is more general, encompassing the
ﬁlm resistor model. Wang [23] provides detailed derivation of the
surface coverage factor from the ﬁlm resistance. For the spherical-
ﬁlm growth mode, the exponent coefﬁcient ta is given by [23]:
ta ¼  Ið1  bÞF
a0RT ln 1  eprode0
  A0 1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ eprodecarbon
r
 1
	 

rcarbon þ R0
 
ð21Þ
The above equation indicates that ta is a function of the current
density I and eprod. For porous electrodes which contain various
morphologies of reaction sites, the following correlation wasFig. 5. Comparison of the model predictionproposed by Wang [23]:
ta ¼
B1
I
I0
I
I0
B1 þ B2ðs  s0Þ½ 
s < s0 where s ¼
eprod
e0
otherwise
8><
>: ð22Þ
The above formula is developed through two approximates, the
ﬁrst is as s!0; the other is the slope as s!s0. For the spherical-ﬁlm
growth mode and R0=0, the parameters are given by:
B1 ¼ ð1  bÞFA0rcarbone0I03a0RTecarbon
and
B2
ð1  bÞFA0rcarbonI0
a0RT
e0=ecarbon
3 lnð1  s0Þð s0e0ecarbon þ 1Þ
2=3 þ
ðs0e0=ecarbon þ 1Þ1=3  1
ð1  s0Þðlnð1  s0ÞÞ2
0
@
1
A
ð23Þ
5. Discharge Voltage Loss
The oxygen proﬁle of Eq. (18) is substituted into Eq. (9), yielding
the below overpotential change [27]:
Dh ¼ RTð1  bÞF ta lnð1  sÞ þ ð1  bÞln 1  Da1 
y2
etdtd;00 ð1  sÞtd
Þ
  ! 
¼ Dha þ DhO2
where
Dha ¼
RTtalnð1  sÞ
ð1  bÞF and DhO2¼
RT
F
ln 1  Da1  y
2
etdtd;00 ð1  sÞtd
! 
ð24Þ
The voltage loss due to the oxygen transport resistance raised by
oxide precipitate can be assessed through the overpotential at the
middle thickness, i.e.
DhO2ðy ¼ 0:5Þ ¼
RT
F
ln 1  3Da
4etdtd;00 ð1  sÞtd
  !
ð25Þ
For a crude evaluation, the total voltage loss associated with oxide
precipitate, i.e. the raised oxygen transport polarization and with experimental data (case 1) [30].
Fig. 6. Comparison of the model prediction with experimental data (case 2) [31].
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Dh ¼ Dha þ DhO2ðy ¼ 0:5Þ ð26Þ
In the below comparison with experimental data, a similar set
of model parameters were used for all the cases, listed in Table 3.
Figs. 5–7 present comparison with experimental data from Zhang
and Read [30] (case 1), Sahapatsombut et al. [31] (case 2), and Shui
et al. [32] (case 3), respetively, showing acceptable agreements:
the ﬁrst stage of gradual decrease arises primarily from electrodeFig. 7. Comparison of the model predictionpassivation due to oxide precipitation at the reaction surface; the
latter precipitous drop is mainly caused by the oxygen transport
resistance due to Li oxides occupying the cathode’s pore space. In
Fig. 6, the initial rapid drop observed in the experiment was likely
due to other mechanisms, not raised by oxide precipitation.A few
parameters, including Da, tortuosity td, and surface coverage factor
ta, greatly impact the voltage evolution and capacity loss. As
discharge proceeds, the volume fraction of oxide precipitate, s,
increases until reaching the cut-off voltage Vcut . Thus, smax occurs with experimental data (case 3) [32].
Fig. 8. smax as a function of ta under b of 0.5, td of 1.5, Vo of 2.75 V and Vcut of 2.0. V. smax and ta represent the storage capacity and coverage coefﬁcient of Li
oxide deposit in air cathode, respectively.
Fig. 9. smax as a function of td under b of 0.5, ta of 2.5, Vo of 2.75 V and Vcut of 2.0 V. smax and td represent the storage capacity Li oxide deposit and tortuosity
of air cathode, respectively.
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Table 4
MacMullin number (NM) of a system consisting of a dispersed non-conducting phase in a conductive medium [29,51].
Label Geometry Arrangement Size Expression
I Spheres Random Uniform NM ¼ 5eð Þ 3þeð Þ8 1þeð Þe
II Spheres Cubic lattice Uniform NM ¼ 3eð Þ
4
3þ0:409 1eð Þ7=3½ 1:315 1eð Þ10=3
2e 43þ0:409 1eð Þ7=3½ 1:315 1eð Þ10=3III Spheres Random and ordered Range NM ¼ e1:5
IV Cylinders Parallel
(square array)
Uniform NM ¼ 2e0:3058 1eð Þ
41:334 1eð Þ8
e0:3058 1eð Þ41:334 1eð Þ8
V Fibrous material (Cylinders) Random – NM ¼ 0:9126e e0:11ð Þ0:785
Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393 391at the cut-off voltage, and is closely linked to the battery’s energy
density providing that the extra space 1-smax cannot be used for
storing the oxide. By reducing 1-smax or increasing smax, the
battery’s energy density will be improved.
From Eq. (26), one can develop a formula for smax by assuming
the voltage loss is caused by oxide precipitate:
RT
ð1  bÞF talnð1  smaxÞ þ ð1  bÞln 1  Da
3
4½ð1  smaxÞtd
  
¼ ðVo  VcutÞ
ð27Þ
where Vo and Vcut denote the voltages at s=0 and s=smax,
respectively. By rearrangement, one will reach:
ð1  smaxÞta 1  Da 34ð1  smaxÞtd
 1b
¼ exp ð1  bÞFðVo  VcutÞ
RT
 
ð28Þ
For any given operation, i.e. Vo and Vcut are constant, the above
formula directly shows smax as a function of a few key parameters.
Though solving smax is implicit, the formulas can be rearranged toFig.10. smax as a function of Da under b of 0.5, td of 1.5, ta of 2.5, Vo of 2.75 V an
and the Damköhler Number, respectively.inversely relate smax to those parameters as below:
ta ¼
ð1bÞFðVoVcutÞRT
 
 ð1  bÞln 1  Da 34½ð1smaxÞtd
 
lnð1  smaxÞ td
¼
ln 34
Da
1 exp 
ð1bÞFðVoVcut Þ
RT
 
ð1smax Þta
	 
1=ð1bÞ
8>><
>>:
9>>=
>>;
lnð1  smaxÞ Da
¼ 4
3
½ð1  smaxÞtd 1 
exp ð1bÞFðVoVcutÞRT
 
ð1  smaxÞta
2
4
3
5
1=ð1bÞ8><
>:
9>=
>; ð29Þ
Fig. 8 plots the relationship between smaxand ta under two Da
numbers, bof 0.5, td of 1.5, Vo of 2.75 V and Vcut of 2.0 V. In PEM fuel
cells, the parameter ta measures the degree of the produced ice
precipitate’s impact on the active reaction surface. Local ice
morphology at the reaction site likely changes as ice volume
increase: from the initial heterogeneous growth to latter ﬁlm
growth. As a result, ta may vary with the volume fraction of
precipitate [24]. In Li-air battery, the parameter ta is deﬁned to
account for the resistance of oxide precipitate to electron
transport, i.e. passivation. It varies with the current density, thed Vcut of 2.0 V. smax and Da represent the storage capacity of Li oxide deposit
392 Y. Wang et al. / Electrochimica Acta 180 (2015) 382–393volume fraction of oxide precipitate, oxide’s electric resistance,
and a few other factors such as the reaction surface’s area and
morphology. In addition, it is likely that the Li oxide deposit
appears in form of initial isolated islands, followed by thin ﬁlm
over reaction surface, similar to ice formation in PEM fuel cells.
Eq. (22) accounts for the two situations by deﬁning different ta
functions and the transition s0. Note that the isolated island shape
describes several morphologies, e.g. adjusting the island size and
volume-to-surface ratio. In this ﬁgure, we consider ta as an
independent variable, representing the value of ta at smax. It is seen
that smax is reduced as taincreases. The difference between the two
Das is small when ta is over 7. As ta becomes smaller than 6, the
difference is evident, with the Da of 0.04 reaching a limit of smax
around 0.9 and the Da of 0.01 exhibiting a continuing increase as ta
further decreases.
Fig. 9 plots the relationship between smax and td under the two
Da numbers, bof 0.5, ta of 2.5, Vo of 2.75 V and Vcut of 2.0 V. In
porous media, tortuosity td measures the actual length of diffusion
passage in a porous medium. In addition, the MacMullin number
(NM), deﬁned as the ratio of resistance of porous media saturated
with an electrolyte to the bulk resistance of the same electrolyte:
NM ¼ Dk
Def fk
¼ 1
f ðe; tdÞ
ð30Þ
In Eq. (4), the MacMullin number is implicitly deﬁned as et .
Table 4 lists the expression of NM for various porous media as a
function of e. In general, f ðe; tdÞ is determined by the pore structure
such as its morphology and arrangement. In some structures, e.g.
the ﬁber matrix in carbon papers, the tortuosity of electron passage
can be over 10. Fig. 9 shows that as td increases, the effective
transport resistance enlarges, thus smax is reduced. The difference
between the two Das is evident as shown by the two curves. smax
reaches over 90% as td is below 2.0. A large td, though beneﬁting
the reaction surface area due to the highly torturous structure,
yields a big resistance to oxygen transport as the oxide precipitate
accumulates.
Fig. 10 plots the relationship between smax and Da under b of
0.5, ta of 2.5, Vo of 2.75 V, and Vcut of 2.0 V. As deﬁned by Eq. (15),
Da represents the ratio of the reaction rate to oxygen transport
rate, characterizing the operation of a chemical reactor. To fully
utilize the pore space in cathode, Da should be kept low in order to
avoid considerable spatial variations in the reaction rate and hence
in the oxide precipitate’s content. This ﬁgure shows as Da increases
(i.e. the transport resistance relative to the reaction rate enlarges),
smax is reduced, as expected. The difference between the two tds is
evident as shown by the two curves. smax is rapidly reduced to
below 50% as Da approaches 0.2 under td of 3.0. Solid oxide
precipitate accumulates inside the pore network, narrowing down
the diffusive passage. A larger td will yield a bigger inﬂuence of
oxide precipitate, and consequently a smaller oxide storage
capacity of air cathode.
6. Conclusions
In this work, we analytically obtained oxygen proﬁles,
formulated the variations of several quantities as a function
of Da, evaluated discharge voltage loss, and formulated the Li
oxide’s storage capacity in the air cathode of Li-air batteries.
The spatial variations of important quantities including
temperature, species concentrations, and phase potentials were
formulated using a single dimensionless parameter, Da.
Specially, the oxygen concentration variation is found equal
to Da; and the formulas quantitatively measure how low Da
should be in order to achieve nearly uniform distributions of
these quantities. The oxygen proﬁles were analytically obtainedunder various conditions, and we found that the oxygen proﬁles
for the three reaction orders are similar under low Da. A model
was proposed to evaluate the voltage loss due to the oxygen
transport resistance arising from oxide accumulation, indicating
that the precipitate can greatly inﬂuence the oxygen proﬁle
under a large Da, e.g. Da>0.04. An approximation model was
formulated to evaluate the discharge voltage loss due to oxide
precipitation, showing acceptable agreement with experimental
data. Furthermore, analytical formula were developed to
explicitly express the Li oxide storage capacity smax, which is
closely related to the battery energy density, as a function of
several parameters including surface coverage factor, tortuosity,
and Da. The derived analytical formula can be applied for cathode
optimization through cathode structural properties, such as
thickness, the pore structure (porosity and tortuosity), surface
area, and electrolyte composition, and operation condition such as
current density and oxygen concentration.
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